Direct determination of trace metals in seawater is a difficult task, not only because the concentration of many trace metals is close to or below the detection limits of most of the analytical instruments, but also the seawater matrix may cause serious interference for determination. Preconcentration and separation can solve these problems. There are many preconcentration methods, which include ion exchange, precipitation, solvent extraction and solid phase extraction. Among them the most commonly used method is solid phase extraction, 1-7 which enables preconcentration of trace metals from larger volumes of sample, reduction and/or elimination of matrix interferences, prevention of contamination, in-situ or online coupling with various detectors.
Introduction
Direct determination of trace metals in seawater is a difficult task, not only because the concentration of many trace metals is close to or below the detection limits of most of the analytical instruments, but also the seawater matrix may cause serious interference for determination. Preconcentration and separation can solve these problems. There are many preconcentration methods, which include ion exchange, precipitation, solvent extraction and solid phase extraction. Among them the most commonly used method is solid phase extraction, [1] [2] [3] [4] [5] [6] [7] which enables preconcentration of trace metals from larger volumes of sample, reduction and/or elimination of matrix interferences, prevention of contamination, in-situ or online coupling with various detectors.
If one compares fibers with other solid phase extraction materials, fibers have higher specific surface areas, approximately two orders of magnitude larger than that of a gelstructure granular ion-exchanger or 5 -6 times that of a porous copolymer. 8 Fiber also differs from crosslinked granular polymers in the presence of linear or branched macromolecules, which might have swelling capacity. Thus fibrous ionexchangers have good kinetic and mechanical characteristics. 9 Thiol cotton fiber (TCF) is a well-characterized chelating ion exchange fiber.
Previously, Nishi developed TCF to preconcentrate trace methyl mercury in water. 10 Gómez et al. determined Au and Ag(I) in the aquatic environment at the µg l -1 levels by applying TCF. 11 Seawater contains relatively high dissolved salt content (typically about 3.5%) and very low concentrations of trace metals. Therefore, analysis of trace metals in seawater is always a challenge. What we are interested in is whether TCF could be used to separate and preconcentrate trace metals in seawater. On the other hand, online techniques offer more advantages than the conventional manual batch procedures, i.e. better reproducibility and accuracy, higher sample throughput, lower consumption of reagent, prevention of contamination and easily automated operation. [12] [13] [14] [15] Therefore, it has a bright future for both laboratory and field usage. Whether TCF could be packed in the minicolumn and developed as an online column preconcentration technique is another area of research interest.
In this work, an online preconcentration system was developed by using a TCF minicolumn coupled with ICP-MS for preconcentration and determination of trace metals Cu, Pb, Zn and Cd in seawater. Preconcentration parameters, including seawater sample pH, flow rate, preconcentration volume, eluent flow rate, eluent concentration and eluent volume, were experimentally optimized. The precision and accuracy of the method was demonstrated by the analysis of seawater certified reference materials CASS-4 and NASS-5.
Experimental

Reagent and solution
Stock solutions of Cu, Pb, Zn and Cd, 1000 mg l -1 were prepared by dissolving an appropriate amount of metal oxide (Specpure, Johnson Matthey Chemicals) in nitric acid (67%, 5.0 ml).
Single and multi-element standard solutions of concentrations 10, 50, and 100 µg l -1 were prepared from the stock solutions by serial dilution with dilute HNO3. The final acid concentration of all standard solutions was fixed at 0.1 mol l -1 HNO3.
High purity water (18.3 MΩ cm) was used. All other reagents were of ultra pure grade (Beijing Chemicals, China). The seawater sample used in this work for optimization was collected from Beidaihe, China; the seawater certified reference materials CASS-4 and NASS-5 were purchased from the Institute for National Measurement Standards, National Research Council, Canada.
Instrument
A Plasma-Quad 3 (VG Elemental, Winsford, UK) inductively coupled plasma-mass spectrometer (ICP-MS) was used for the determination of Cu, Pb, Zn and Cd. The optimum instrumental conditions are given in Table 1 . 115 Indium was added as an internal standard to monitor signal drifting. The isotopes used for ICP-MS detection are 63 Cu, 66 Zn, 208 Pb, and 111 Cd.
Synthesis of TCF and minicolumn package
Mercaptoacetic acid 100 ml, 60 ml of acetic anhydride, 40 ml of acetic acid (36%) and 0.3 ml of concentrated sulfuric acid were added in turn into a wide mouth bottle. The mixture was stirred thoroughly and cooled to room temperature, followed by adding 30 g fat-free cotton, which was impregnated thoroughly in the solution. After the bottle was cooled, it was covered with a lid and kept at 40˚C in a water bath for 2 days. Then the TCF was submitted to suction, and then washed fully with water and dried at 30˚C. The TCF was kept at room temperature in a sealed container protected from sunlight.
The preconcentration minicolumns were prepared by packing 0.10 g TCF in a glass column (4 mm i.d., 50 mm height). Each column was first rinsed with 20 ml 1.0 mol l -1 HCl, and then with ultra pure water until the pH of the eluent was neutral.
Fiber capacity
The chelating capacity of TCF for Cu, Zn, Cd, and Pb was determined by a batch technique.
Fiber (0.10 g) was equilibrated with each metal by shaking for 24 h at pH 8 in an excess of metal ion solution (100 ml, 50 µg ml -1 ). The fiber was then isolated from the solution by filtration and concentrations of the metal ions that remained in the solutions were determined by ICP-MS.
Preconcentration of trace metals
The online preconcentration and separation schemes are shown in Fig. 1 .
Each seawater sample (without pH modification) was pumped at 15 ml min -1 through a TCF minicolumn. If a real sample was considered, an online filtration with a 0.45 µm filter was necessary. In the preconcentration step, trace metals were retained on the minicolumn and the sample matrix was sent to the waste. After loading, the minicolumn was rinsed with 20 ml of ultra pure water at the rate of 10 ml min -1 and the residual fluid was drawn off. Then, in the eluent step, 1.0 mol l -1 HCl was introduced into the minicolumn to elute the sorbed metals. The mixtures were introduced directly into the nebulizer of ICP-MS and determined.
For field preconcentration, seawater was directly filtrated and introduced to the TCF minicolumn and rinsed by ultra pure water on shipboard, as mentioned above. The minicolumns were then disconnected and placed into sealed plastic bags and returned to the laboratory. In the laboratory, minicolumns were connected to the peristaltic pump and eluted to nebulizer for detection.
Results and Discussion
Fiber capacity
The capacity of the fiber is an important factor because it determines how much fiber is required to quantitatively concentrate the analyte of interest from seawater. Following the procedure described above, we found that the capacity of the fiber for Cu, Zn, Cd and Pb was 12, 11, 17, and 19 mg g -1 at pH 8. The adsorption capacity of fiber is high enough for the preconcentration of the metals from seawater.
Optimization of TCF preconcentration
The optimal conditions of TCF preconcentration system were obtained by testing seawater sample pH, flow rate, preconcentration volume, eluent flow rate, eluent concentration and eluent volume. The results are shown in Figs. 2 -5 .
The influence of sample pH on the sorption efficiency is shown in Fig. 2 . It is obvious that the optimum acidity conditions for the sorption of metals were in the range of pH 6 -8. Therefore, the seawater sample of pH 8.2 can be used without any pH modification. This avoids any necessity of pH adjustment for seawater and makes the preconcentration procedures simple.
The flow rate and sample volume are two critical factors affecting the preconcentration efficiency of the TCF minicolumn. Figure 3 shows that the TCF minicolumn can quantitatively adsorb Cu, Pb, Zn and Cd from the seawater sample with the sample volume up to 1500 ml. Studies of the 652 ANALYTICAL SCIENCES JUNE 2005, VOL. 21 effect of seawater sample flow rate showed (Fig. 4) that the recovery started to decease when the flow rate reached 16 ml min -1 . Therefore, a flow rate of 15 ml min -1 was selected. Dilute hydrochloric acid was used as the eluent reagent for online dissolution of the preconcentrated metals, the mixture was directly transported to ICP-MS for the final determination. The effect of the flow rate of eluent was studied from 0.5 to 3.0 ml min -1 . The optimum concentration of HCl was found to be 1.0 mol l -1 . From the rate of 0.5 to 1.5 ml min -1 , there was no significant change in the removal of preconcentrated metals. The custom sample uptake rate for ICP-MS of 1.0 ml min -1 was selected as the eluent flow rate. At the flow rate of 1.0 ml min -1 , 1 ml of 1.0 mol l -1 HCl can elute the preconcentrated metals from TCF minicolumn, as shown in Fig. 5 ; this means that the eluent can be introduced directly into the nebulizer of ICP-MS and analyzed.
Blank and detection limits
Blank values for analyte determination were obtained by performing the preconcentration procedure using 1500 ml pure water as a sample. The detection limits for the method were calculated on the basis of three times the standard deviation of eleven runs of the blank solution. Concentrations of the trace metals in the seawater samples are much higher than the detection limits (Table 2) .
Salt separation
The potential for separating high salt contents from seawater by TCF was examined by ICP-AES (Jarrell-Ash Model 1155V).
Concentrations of 10800 mg l -1 Na + , 400 mg l -1 K + , 1300 mg l -1 Mg
2+
, and 420 mg l -1 Ca 2+ could be detected in the seawater influent. At the optimized preconcentration condition, the concentration of Na + and K + was found to be 5 mg l -1
; Mg 2+ and Ca 2+ was 2 mg l -1 in the eluate. The results obtained demonstrated that large amounts of alkali and alkaline earth metals in seawater could be separated and would have no significant effect on the preconcentration of trace metals.
Stability in reservation
Stability studies were performed by carrying out the preconcentration procedure on shipboard. The minicolumns with retained trace metals were taken back and kept for 1, 5, 10 and 30 days at 4˚C in a refrigerator; then the column was eluted and introduced to ICP-MS for analysis. Data obtained showed that there was no significant difference among the different reservation time of the column ( Table 3) .
Reuse of the TCF minicolumn
To evaluate the reusability of the TCF minicolumn, we passed 1500 ml of seawater sample through the same minicolumn successively each time. Between each preconcentration step, the column was washed with distilled water until the elution was neutral. Standard deviations for the concentration of Cu, Zn, Cd and Pb in seawater obtained by reusing one column for preconcentration were 6.1, 7.0, 4.2 and 6.3%, respectively (n = 10). The results are shown in Fig. 6 . We can see that if 1500 653 ANALYTICAL SCIENCES JUNE 2005, VOL. 21 ml of seawater sample was preconcentrated and 1.0 mol l -1 HCl was used as elution reagent, the column can be used at least 10 times without significant decreases.
Analysis of seawater reference materials
The analysis accuracy was checked by determination of trace metals Cu, Zn, Cd and Pb in two certificated seawater reference materials: CASS-4 and NASS-5. The results shown in Table 4 are mean values ± standard deviations. The data obtained by using the TCF minicolumn are in good agreement with the certified values and the precision was also excellent.
Conclusion
Comparing with the previous column solid phase extraction techniques, one finds that the proposed TCF minicolumn online separation has several favorable features. First, the TCF minicolumn can provide higher separation and preconcentration efficiency: the enrichment factor is as high as 1500. Second, the eluent reagent and the concentration and the flow rate and the volume are all suitable for direct nebulization of ICP-MS; therefore, the TCF minicolumn can be easily coupled with ICP-MS. Third, it avoids the necessity of pH adjustment for seawater and makes the preconcentration procedures simpler. Fourth, the simplicity, speed and reusability of TCF minicolumn make it very useful for routine analysis of trace metals in seawater. Table 4 Determination of trace metals in the certified seawater 
